Basic helix-loop-helix (bHLH) transcription factors play key roles in plant male 1 0 reproduction. More than 14 bHLH proteins related to pollen development have been cloned from rice 1 1
retrieved from Gramene 4 to construct a phylogenetic tree using the neighbor-joining method with 1 1 0 MEGA v5. 10 (Kumar et al., 2008) , and the robustness of the findings was verified via 1000 bootstrap 1 1 1
replicates. The accession numbers of the 16 TFs are as follows: AtAMS (AT2G16910), AtDYT1 1 1 2 (AT4G21330), AtbHLH10 (AT2G31220), AtbHLH89 (AT1G06170), AtbHLH91 (AT2G31210), of two neighboring parts. The above seven parts, termed ZmbHLH16 (A)-(G), were artificially Supplementary Table S2 for all primers used in the experiment). All recombinant pGBKT7 vectors 1 4 5
Molecular evolution analysis of ZmbHLH16
were transformed into AH109 yeast strains (TIANDZ, China) via the lithium acetate-mediated 1 4 6 approach. The transformants were cultivated on SD/-Trp medium for 2-3 days at 28°C. Bacterial For coexpression analysis, expression data of genome-wide maize genes in 20 tissues and 66 periods 1 5 3
Coexpression analysis and identification of maize male reproduction-related genes
were obtained from q-teller 5 , and the Pearson correlation coefficients (PCCs) between ZmbHLH16 using Java Treeview (Saldanha, 2004) . Next, to gain deeper insight into the molecular mechanism 1 5 7 underlying ZmbHLH16, all target genes (PCC>0.6) were queried with E-value<1e -5 in the Plant The primers for the semi-quantitative expression analysis of ZmbHLH16 were gene in this experiment was used as the internal control, and its amplifying primers were 1 6 8 5'-CTGAGAAACGGCTACCACA-3' and 5'-CCCAAGGTCCAACTACGAG-3' (Hu et al., 2011) .
The localization patterns of the ZmbHLH16 and ZmbHLH51 proteins were investigated using were constructed to assess the localization of these proteins. The empty pCAMBIA2300-P 35S -eGFP vector were transformed into rice protoplasts using polyethylene glycol (PEG), as described To confirm the interaction between ZmbHLH16 and ZmbHLH51, a yeast two-hybrid assay was 1 8 5
conducted. The CDSs of ZmbHLH16 and ZmbHLH51 were inserted into the pGBKT7 and pGADT7 pGBKT7-ZmbHLH16 and pGADT7-ZmbHLH51 were co-transformed into AH109 yeast competent 1 9 0 cells according to operating instructions. The transformants were cultivated on SD/-Leu-Trp medium at 28°C for 2-3 days, and positive clones were confirmed using PCR. Positive clones were further 1 9 2 cultured on SD/-Ade-His-Leu-Trp medium containing 50 mg/L χ-α-gal at 28°C for 2-3 days. The After confirming the interaction between ZmbHLH16 and ZmbHLH51, to investigate the interaction bait vector pGBKT7 and then co-transformed with the prey vector pGADT7-ZmbHLH51 into the 1 9 7 AH109 yeast competent cells. that these bHLH TFs were highly conserved, with most bootstrap values >90%, and that ZmbHLH16 2 1 1 was the most closely related to OsTIP2 ( Fig 1B) . Together, the above results indicated that To analyze its molecular evolution, the DNA sequences of ZmbHLH16 were amplified from 78 2 1 6 maize inbred lines. The ZmbHLH16 genomic sequence is divided into seven regions with a length of 2 1 7 2,514 bp (Table 1) 23 SNPs, 13 (57%) and 10 (43%) involved transitions and transversions, respectively. Further 2 2 0 analysis showed that there were 4 amino acid variations in ZmbHLH16 among 78 inbred lines, with 2 2 1 3 mutations in the first exon and the fourth mutation in the second exon. Comparison analysis 2 2 2 showed that nucleotide variations were not evenly distributed in ZmbHLH16, and introns had higher (1.18 polymorphisms/100 bp). Moreover, a nucleotide polymorphism test in DnaSP showed the 2 2 5 highest nucleotide diversity ratio (π=6.15×10 -3 ) in the first intron but no significant nucleotide 2 2 6 variation in the 3rd intron or 3'-UTR (Table 2) .
To investigate whether ZmbHLH16 has experienced selection pressure, various regions of 2 2 8
ZmbHLH16 were assessed ( ZmbHLH16 underwent directional selection, its LD patterns and LD decay were also calculated. In the LD matrix, no obvious LD block was found in the ZmbHLH16 genome sequence (Fig 2A) . A 2 3 4 schematic diagram of LD decay represented by plots of r 2 showed that the LD level dropped to 0.1 at 2 3 5 7 approximately 1,300 bp ( Fig 2B) , indicating a more rapid decay rate than the average 1.5 kb of 2 3 6
several genes under selection in maize (Remington et al., 2001) . Therefore, our above results also 2 3 7
reflected the conserved evolution of ZmbHLH16 in the maize germplasm. To identify the activating function of ZmbHLH16, eight fragments of ZmbHLH16 were analyzed in 2 4 0 yeast ( Fig 3A) . Yeast cells with pGBKT7-ZmbHLH16(A) 1-80 a.a. or pGBKT7-ZmbHLH16(E) 1-160a.a.
2 4 1 grew normally on both SD/-Trp and SD/-His-Trp selective media and turned the indicator blue. However, the other six yeast transformants with ZmbHLH16 could only live on the SD/-Trp medium 2 4 3 ( Fig 3B) . In comparison with the living conditions of the transformants containing ZmbHLH16 (A) yeast. In conclusion, the above results indicated that the first 80 amino acids in the N-terminus of 2 5 0 bHLH16 could activate transcription in yeast, whereas the full-length version did not. Functionally associated genes are more likely to share similar expression patterns (Fu & Xue, 2010). Table S3 ). Among them were three male sterile genes, including ms8 (GRMZM2G119265), ms26 fertility genes ( Supplementary Table S4 ). In comparison, a higher ratio of 8.8% (35/395) at a 2 6 0 significant level (߯ ଶ =4.92, p=0.0265) was got when ZmbHLH16 coexpressed genes were queried 2 6 1 (Table 3 ). The similar expression pattern to a number of plant reproduction-related genes indicated 2 6 2 that ZmbHLH16 might be closely associated with maize male fertility. gene OsTDR. Accordingly, ZmbHLH51 might be an important factor in maize pollen development.
7 8
Some studies have indicated that the interactions among bHLH TFs are important for pollen 2 7 9 development (Niu et al., 2013; Zhu et al., 2015) . Therefore, we next aimed to analyze the interaction 2 8 0 between ZmbHLH16 and ZmbHLH51. The expression patterns of ZmbHLH16 and ZmbHLH51 were simultaneously analyzed using showed a higher expression level in spikelets than organs ( Fig 5A) . This finding indicated that 2 8 5
ZmbHLH16 and ZmbHLH51 might be closely associated with maize male fertility. ZmbHLH16-eGFP and ZmbHLH51-eGFP were only located in the nucleus, whereas the control 2 9 0 eGFP was localized to both the cytoplasm and the nucleus. The similar expression profiles and 2 9 1 protein localization patterns between ZmbHLH16 and ZmbHLH51 supported their interaction. Because the aforementioned results indicated that the two bHLH TFs ZmbHLH16 and ZmbHLH51 2 9 4 had similar expression characteristics and subcellular localization patterns, a yeast two-hybrid assay 2 9 5 was used to verify the interaction between the two proteins. As shown in Fig 6A, containing pGBKT7-ZmbHLH16 and pGADT7-ZmbHLH51 were able to grow on both 2 9 7 SD/-Leu-Trp and SD/-Ade-His-Leu-Trp media, similar to the positive control. The above results 2 9 8 confirmed the interaction between ZmbHLH16 and ZmbHLH51. To map the domains involved in the ZmbHLH16-ZmbHLH51 interaction, fragments without could grow normally on SD/-Ade-His-Leu-Trp media and turned the media blue ( Fig 6B) . SD/-Ade-His-Leu-Trp synthetic dropout medium. These results indicated that not only the bHLH domain but also other regions in ZmbHLH16 were sufficient and necessary for its heterodimerization 3 0 8
with ZmbHLH51. Male reproduction is a complicated process in plants that involves thousands of genes and many based on homology analysis. Thus, here, we isolated ZmbHLH16 based on homology cloning from 3 1 5
OsTIP2, which has been reported to be a master regulator of pollen formation.
3 1 6
In this study, the molecular evolution of ZmbHLH16 was investigated. In the analysis of selective 1,300 bp) was also less than the average intragenic level (r 2 <0.1 within 1,500 bp) (Remington et al., ZmbHLH16. The conserved molecular evolution of ZmbHLH16 further hinted at its crucial function 3 2 9
in maize male reproduction. heterodimers with other HLH-proteins to regulate downstream target genes (Murre et al., 1989) . ability of transcriptional activation. Thus, we speculate that ZmbHLH16 might regulate target gene showed that the BIF domain is also present in ZmbHLH16(D) 241-365 a.a. and participates in the 3 3 9
interaction between ZmbHLH16 and ZmbHLH51. Previous studies related to bHLH proteins mainly 3 4 0
focused on their conserved domains. In the investigation of the interaction between ZmbHLH16 and 3 4 1
ZmbHLH51, we noticed that not only the conserved bHLH and BIF domains but also the Coincidently, it was recently reported that ZmbHLH16 was a candidate gene for the ms23 mutant instead of tapetal differentiation (Chaubal et al., 2000) . These results strongly support the hypothesis 3 5 0 that ZmbHLH16 is involved in tapetal specification and maturation. In Nan's paper (Nan et al., 2017), the researchers mainly focused on the abortion mechanism in the ms23 mutant, combining RNA-seq 3 5 2 with proteomics data. These authors also confirmed the interaction between ZmbHLH16 and 3 5 3
ZmbHLH51, similar to our result. In contrast, we paid more attention to the ZmbHLH16 nucleotide 
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